We cloned and characterized Neurospora NcSSK22 and NcPBS2 genes, similar to yeast SSK22 mitogen-activated protein (MAP) kinase kinase kinase and the PBS2 MAP kinase kinase genes, respectively. Disruptants of the NcSSK22 gene were sensitive to osmotic stress and resistant to iprodione and ‰udioxonil. Their phenotypes were similar to those of osmotic-sensitive (os) mutants os-1, os-2, os-4, and os-5. The os-4 mutant strain transformed with the wild-type NcSSK22 gene grew on a medium containing 4% NaCl and was sensitive to iprodione and ‰udioxonil. In contrast, the NcPBS2 gene complemented the osmotic sensitivity and fungicide resistance of the os-5 mutant strain. We sequenced the NcPBS2 gene of the os-5 mutant strain (NM216o) and foundˆve nucleotides deleted within the kinase domain. This result suggests that the gene products of os-4 and os-5 are components of the MAP kinase cascade, which is probably regulated upstream by two-component histidine kinase encoded by the os-1 W nik1 gene.
Like other microorganisms, fungi respond to changes in extracellular osmotic strength by the activation of signaling pathways. [1] [2] [3] [4] [5] [6] Neurospora crassa os mutants such as os-1, os-2, os-4, and os-5 have two contrary phenotypes: hypersensitivity to osmotic stress and resistance to iprodione and ‰udioxonil. [7] [8] [9] Both fungicides are used to control Botrytis cinerea, which is pathogenic to vegetables, vines, and ‰ow-ers. 10, 11) The treatment of wild-type strains of N. crassa with iprodione and ‰udioxonil causes the swelling of the germ tubes and accumulation of intracellular glycerol. 12) In contrast, fungicides do not cause the os mutants to accumulate glycerol. 8, 9) The os-1 gene, another name nik-1, encodes a putative two-component histidine kinase similar to the osmosensing SLN1 histidine kinase of Saccharomyces cerevisiae. 1, 2) Molecular analysis of the os-1 mutants showed that the amino acid repeat at the N-terminus of the os-1 gene product, Os1p, is essential for proper functioning of the kinase. 13, 14) In addition, we found that the point mutation within the os-1 homolog gene, BcOS1, confers resistance to iprodione inˆeld isolates of B. cinerea. 15) In fungi, two-component histidine kinases often regulate a mitogen-activated protein (MAP) kinase pathway that leads to the regulation of a transcription factor.
16) The osmoregulation mediated by yeast Sln1 is well characterized as a high osmolarity glycerol (HOG) pathway. 3, 4) Sensor Sln1 transmits signals to the redundant SSK2 and SSK22 MAPKK kinase, via the Sln1-Ypd1-Ssk1 multistep phosphorelay system. Activated Ssk2 and Ssk22 independently activate PBS2 MAPK kinase. Once activated, the PBS2 MAPK kinase phosphorylates the HOG1 MAP kinase. Activation of HOG1 MAPK induces genes responsible for osmotic adaptation, such as GPD1, GPD2, GLO1, CTT1, and DDR2. 17) To clarify the N. crassa MAP kinase cascade regulated by osmotic stress and its relationship to fungicide resistance in N. crassa, we cloned and characterized the SSK22 similar MAPKK kinase gene and the PBS2 similar MAPK kinase gene from N. crassa.
The N. crassa genome database (Whitehead Institute) was searched for sequence similarity to the SSK22 and SSK2 MAPKK kinases of S. cerevisiae. A contig 1.647 subsequence had much similarity to both SSK2 and SSK22 over almost all of the sequence, but other contigs had similarity only within the kinase domains. This SSK2 W SSK22 similar gene of N. crassa was termed NcSSK22. To clone the NcSSK22 gene, we used the N. crassa Orbach W Sachs pMOcosX cosmid library. Cosmid mixtures were prepared from microplates containing 96 independent cosmid clones. On the basis of results of genomic sequencing, we designed three primers, SSK1 (TGATTTCGGGCAGTCGGTCACCGTTG), SSK4 (GTGAAGGAGATTCGCCTG), and SSK3R (CTTTCTCGAGTCAGATCCCGGACGGACTC). To identify the plates containing the cosmid inserted by the NcSSK22 gene, cosmid mixtures was ampliˆed with two of the primers, SSK4 and SSK3R. The PCR mixtures contained 0.5 mM each primer, 1 mg of genomic DNA, and Premix Taq (Ex Taq Version, Takara Shuzo) in a total volume of 50 ml. After being heated at 959 C for 10 min, the reaction mixtures were cycled 20 times at 949 C (1 min), 529 C (30 s), followed by a 5-min extension at 729 C. Finally, the cosmid containing the NcSSK22 gene was identiˆed by colony hybridization of the positive plate. Colony hybridization was done by the method the manufacturer recommended (DIG DNA Labeling and Detection Kit; Roche Diagnostics KK, Tokyo, Japan). We conˆrmed that cosmid X7E11 contained the NcSSK22 gene. The NcSSK22 gene, an 8-kb KpnI fragment of cosmid X7E11, was subcloned into pBluescriptII (Stratagene) as pNCSSK1. The nucleotide sequence indicated a predicted open reading frame (ORF) of 4.2 kb that was interrupted by one intron. Introns were identiˆed in a search for N. crassa-speciˆc consensus sequences. Translation of the NcSSK22 gene predicted a polypeptide of 1367 amino acid residues (NcSsk) with a molecular mass of 155 kDa and a calculated pI of 6.1. The sequence of NcSsk predicted from the gene indicated that this protein was of a family of MAPKK kinases located at the C-terminus, those that contain a set of motifs conserved among protein kinases (Fig. 1 ). 18) In N. crassa, a process called RIP (repeated induced point) mutation introduces a large number of mutations within the duplicated DNA during Neurospora mating. This process can be used to generate null mutations in a cloned gene. 19) Gene disruptants of NcSSK22 gene were constructed by RIP mutagenesis. Genomic DNA of the wild-type strain (74-OR31-14a: al-2, pan-2, cot-1) of N. crassa was isolated as described previously 13) and used as a template for PCR ampliˆcation with primers SSK1 and SSK3R. The resultant 5.5-kb fragments including the kinase domain were cloned in a TA vector (pT7Blue, Novagen) as pNCSSK2. This plasmid was digested by KpnI and ligated with a 1.5-kb hygromycin resistance gene. The resultant plasmid, pNCSSK-Hyg, was introduced into spheroplasts of the wild-type strain. Transformation was done as described by Vollmer and Yanofsky. 20) Transformants with the NcSSK22 gene were selected on a medium containing hygromycin (500 mg W ml). After the transformants were crossed with the wild-type strain, single-ascospore progeny were isolated and characterized. Several progenies had the os mutant phenotype. The disruption of the NcSSK22 gene of these progenies was conˆrmed by Southern analysis of genomic DNA digested by restriction enzymes with the DIG system (Roche Diagnosis). To measure sensitivity to fungicides and osmotic stress, colonial growth of the mutant progenies, NcSSK22 RIP , was scored on Vogels medium N with 1z (w W v) sorbose and 0.2z (w W v) sucrose (sorbose medium). A conidial suspension was used to inoculate on the sorbose medium containing fungicides. The NcSSK22 RIP strains were resistant to both iprodione and ‰udioxonil even at the concentration of 25 mg W ml, and were sensitive to 4z NaCl (Table 1) , while the transformants with the wild-type NcSSK22 gene had neither fungicide resistance nor osmotic sensitivity. The levels of sensitivity of the NcSSK22 RIP mutants to fungicides and of osmotic stress were similar to those of the os-2, os-4, and os-5 mutant strains. In addition, the NcSSK22 RIP mutants had cropped hyphae on Vogel's N medium with 1.2z (w W v) sucrose in small test tubes. The abnormal hyphal morphology in their progenies was similar to those of the os mutant strains, such as os-2, os-4, and os-5. The NcSSK22 RIP mutants were female sterile, because protoperithecia did not form like the os mutant strains. The induction of glycerol synthesis by fungicides and osmotic stress in the NcSSK22 RIP strain were measured by a UV-glycerol assay (R-Biopharm GmbH) described previously. 8) Treatment with iprodione (10 mg W ml) and ‰udioxonil (10 mg W ml) did not cause the accumulation of glycerol in the NcSSK22 RIP mutant, whereas these fungicides did cause accumulation of glycerol in the wild-type strain. As described previously, fungicides did not cause the fungicide-resistant os-2, os-4, and os-5 mutants to accumulate glycerol. Glycerol accumulated on the medium containing 4z NaCl in both NcSSK22 RIP and the os-4 strain at similar levels, though the amounts of glycerol were lower than that of the wild-type strain. This result indicates that NcSSK22, a gene similar to S. cerevisiae SSK2 W SSK22, confers both fungicide resistance and osmotic sensitivity and is important in glycerol synthesis induced by fungicides.
The levels of sensitivity to fungicides and of osmotic stress in the NcSSK22 RIP mutants were similar to those in os-2, os-4, and os-5, and indistinguishable from each other, including hyphal morphology. However, the os-4 mutant strain (Y256M223) transformed with the NcSSK22 gene was sensitive to iprodione and ‰udioxonil ( Table 1 ). The transformants grew on the medium containing 4z NaCl. Hyphal morphology of the os-4 transformants with the wild-type NcSSK22 gene was similar to that of the wild-type strain. In contrast, the os-5 transformants with the wild-type NcSSK22 gene did not change their phenotypes. Although a cross between the os-4 and NcSSK22 RIP mutants was impossible because of the lack of fertility as females, a physical map based on the Neurospora genome project shows the linkage of NcSSK22 gene with his-3 and eth-1 genes, corresponding with the genetic map of the os-4 locus. These results suggest that the os-4 gene is identical to NcSSK22 gene and encodes a putative MAPKK kinase similar to yeast Ssk2 W Ssk22.
In the same way, we cloned the yeast PBS2 similar gene from N. crassa as NcPBS2 using two primers, PBS1 (GCCGCATATTGCTAAAGACC) and PBS2R (TGCGAAAGTTATCCACCCC). Cosmid clones X14D6, G9F6, and G24E9 contained the NcPBS2 gene. The NcPBS2 gene was subcloned as a 4.7-kb Pst I-XbaI fragment into pBluscriptII, as pNCPBS1. The nucleotide sequence showed a potential ORF of 2.1 kb interrupted by two introns (Fig. 2) . Translation of the NcPBS2 gene predicts a 189 os-4 and os-5 Genes Encoding MAPKKK and MAPKK polypeptide of 637 amino acid residues (NcPbs) with a molecular mass of 67 kDa and a calculated pI of 5.3. The sequence of NcPbs predicted from the gene indicates that this protein is a member of the MAPK kinase family. The wild-type NcPBS2 gene was used to transform the os-5 mutant strain (NM216o). The resultant os-5 transformants were sensitive to iprodione and ‰udioxonil. These transformants grew on a medium containing 4z NaCl. In genetic mapping, the os-5 mutation was closely linked with the al-2 mutation on chromosome I. The contig 3.23 subsequence (432.9 kb long) in the Neurospora genome project contains both NcPBS2 and al-2 genes. These results suggest that the os-5 gene is identical to the NcPBS2 gene and encodes a putative MAPK kinase similar to Pbs2. To identify the NcPBS2 gene mutations of the os-5 mutant strain (NM216o), genomic DNA was isolated from the os-5 strain and used for PCR cloning with primers PBS1 and PBS2R. The mutations were conˆrmed by three independent PCRs and by DNA sequencing. In the os-5 mutant strain, aˆve-nucleotide deletion was found at the third nucleotide at amino acid position 307 (Fig. 2) . These deletions resulted in a stop codon at amino acid position 309 of NcPbs. The mutation site was on the N-terminus of the kinase domain, which is essential for signal transmission.
In this work, we cloned two genes, NcSSK22 and NcPBS2, from N. crassa and found that they were identical with the os-4 and os-5 genes, respectively. A computer search in the GenBank database found that the Os4p C-terminal kinase domain shares similarity with other MAPKK kinases, but that similarity was high with the C-terminus of Ssk22 (59z identity) and Ssk2 (59z identity) of S. cerevisiae and Wis4 (56z identity) and Win1 (55z identity) of S. pombe. The Os4p was similar in the N-terminal region to Ssk22, Ssk2, Wis4, and Win1, but no signiˆcant similarity was shared with other yeast MAPKK kinases. Among them, Wis4 was most similar to Os4p at the N-terminus (35z identity). Wis4 and Win1 are S. pombe sequences similar to the Ssk22 W Ssk2 MAPKK kinase and mediate signals generated by high osmolarity and other environmental stresses. 5, 6) Previously cloned N. crassa ncr-1 and ncr-2 genes encoding putative MAPKK kinases are most similar to S. pombe Byr2 and S. cerevisiae Ste11, respectively. 21) A phylogram comparing the overall sequences of the MAPKK kinases is in Fig. 3(a) . Os5p is the most similar to the MAPK kinases encoded by the S. cerevisiae PBS2 and S. pombe WIS1 genes (Fig. 3(b) ), which have 65z and 63z identity, respectively, with Os5p in the kinase domain. A component of the Wis1-Spc1 pathway, Wis1, is activated by upstream MAPKK kinases Wis4 and Win1. Zhang et al. 22) recently cloned and characterized the os-2 gene. The os-2 gene encodes the HOG1 homologous MAP kinase, and functionally complements the hog1 mutants of S. cerevisiae. A putative MAP kinase, Os2p, had the highest similarity with S. cerevisiae Hog1 (83z identity) and S. pombe Spc1 (85z identity). Each gene product of os-4, os-5, and os-2 is simi-lar to each component of the MAP kinase cascades of S. cerevisiae HOG pathway and S. pombe Wis1-Spc1 pathway. Although the functional complementation of yeast mutants by NcSSK22 W os-4 and NcPBS2 W os-5 was not measured, the os-4, os-5, and os-2 mutants were sensitive to osmotic stress and resistant to ‰udioxonil and iprodione. This result suggests that N. crassa has a MAP kinase cascade consisting of an os-4 MAPKK kinase, an os-5 MAPK kinase, and an os-2 MAP kinase in response to osmotic stress.
The phenotypes of the os-4, os-5 and os-2 mutants, such as fungicide resistance, osmotic sensitivity, hyphal morphology and female fertility, resemble those of the os-1 mutant strain. In many fungi, twocomponent histidine kinases regulate a MAP kinase cascade. One possible interpretation is that the os-1 histidine kinase regulates the MAP kinase cascade consisting of Os4p, Os5p, and Os2p. The N-terminal input domain of Os1p is distinct from that of Sln1.
Apparently, Os1p is a cytoplasmic protein with six amino acid repeats of about 90 amino acid at the amino-terminal end, but Sln1 has two potential transmembrane helices. 1, 2) Disruption of SLN1 is lethal because of inappropriate activation of the MAP kinase cascade, which consists of Ssk2 W Ssk22, Pbs2, and Hog1. In contrast, the os-1 null mutant does not alter its viability under conditions of low osmolarity, and it is highly resistant to iprodione and ‰udioxonil. S. cerevisiae has only one histidine kinase gene (SLN1) in its genome and is insensitive to both fungicides. It is interesting that several histidine kinase genes including the SLN1 homologous gene exist in the genome of N. crassa (unpublished results), and their functions and relationship remain to be clariˆed.
